Predicting thermal responses of composite materials requires accurate input parameters derived from reliable thermal property characterization and kinetic models. Composite material properties and decomposition kinetics vary with temperature and heating rate. Typically, conventional kinetic models derived from thermogravimetric analysis data result in multiple sets of kinetic model parameters, which are difficult to implement into numerical simulations under widely varying temperature and heating rate conditions. Here, a methodology was developed to reliably predict decomposition processes of composite materials with a single (i.e., unified) set of kinetic model parameters. The unified kinetic model parameters for each of four different composite materials were used to accurately predict decomposition kinetics observed over the entire range of experimental temperatures and heating rates. Furthermore, this broadly applicable methodology may predict decomposition from limited data sets, and is expected to extrapolate reliably measurable data to experimentally challenging heating rates and temperatures.
Introduction
Fiber-reinforced polymer matrix composite (PMC) materials exhibit exceptional specific stiffness/strength, driving increased use in modern structural applications. Manufacturing processes and service conditions may expose composite materials to temperature excursions and rapid heating. Currently, there are a variety of thermal processes used in additive and subtractive manufacturing of composite materials (e.g., laser-assisted hole drilling, cutting, bonding, and curing). In service, PMC aerostructures may be subjected to laser paint stripping, laser-assisted manufacturing techniques, onboard fires, and engine exhaust impingement. For a given PMC and environmental conditions, it is of considerable interest to elucidate the effects of heating (and duration at elevated temperatures) on both mechanical properties and chemical stability. Thus, understanding and predicting the spatial and temporal thermal response of materials to localized heating through reliable simulation methods are an essential part in enhancing product management tools and optimizing manufacturing processes.
Predictive capability requires accurate and reliable material property characterization. For thermal transport analyses, the key material properties are density, thermal conductivity (in multiple axes if anisotropic), heat capacity, and rate of reactions. The density variation can be obtained by monitoring the change in mass as a function of temperature rise at a constant heating rate using thermogravimetric analysis (TGA). Thermal conductivities can be obtained indirectly by measuring thermal diffusivity using laser flash analysis (LFA), or directly by measuring the thermal conductivities using hot disk, guarded hot plate, etc. Both the heat capacity and the rate of reactions can be measured using differential scanning calorimetry (DSC). Although established experimental techniques can generate the required material property measurements, the PMC's thermal properties (i.e., density, heat capacity and thermal conductivity) change reversibly and irreversibly with the temperature. Irreversible changes occur via thermal decomposition, oxidation and sublimation and/or evaporation. Furthermore, numerous experimental studies have demonstrated that heating rates considerably influence the measured thermal properties and decomposition behavior of composites. For example, the decomposition temperature of polymer matrices tends to shift to higher temperatures with increasing heating rate; [1] [2] [3] [4] therefore, the characterization of thermal properties needs to be conducted over a broad range of temperatures and heating rates in order to inform reliable simulation methods that accurately predict the thermal response of composite materials.
When thermal properties and their variations with temperature (T) and heating rates () are not readily available through the aforementioned experimental methods, they can be estimated from kinetic models and kinetic model parameters (KMPs). Numerous kinetic models for the decomposition process of the PMCs were developed with the theory of chemical reaction rate and the Arrhenius law
where a is the degree of conversion (i.e., the degree of polymer matrix decomposition in this work), d/dt is the rate of decomposition, A is a pre-exponential factor, E A is the activation energy, R is the universal gas constant (8.314 kJ mol À1 K À1 ), and f ðÞ is the effect of the reactant quantity on the reaction rate.
Such kinetic models are applied to experimentally measured data (typically isothermal or non-isothermal TGA data) to obtain a set of KMPs (E A , A), and an appropriate reaction model function, f ðÞ. Several reaction models have been proposed (e.g., nucleation models, geometrical contraction models, diffusion models, and reaction-order models). 1, 5, 6 Various fitting methods have been demonstrated for obtaining KMPs from TGA data. For non-experts in this field, we recommend reviewing the comprehensive set of recommendations for performing kinetic computations on thermal analysis data provided by Vyazovkin et al. 6 Yu et al. 4 summarized some of these well-known methods for determining KMPs (Ozawa, 2 Friedman, 7 Kissinger, 8 and modified Coats-Redfern 9, 10 ) applicable to PMCs. Once determined, the KMPs were used to estimate the thermal properties and the variations of such properties under various T and .
4
The Friedman 7 and Ozawa 2 methods are so-called ''multi-curve'' methods, which determine a set of KMPs from TGA data measured at several different . The TGA data points at a specific a obtained from different heating rates yield a straight line, and the slope of that line is related to E A . Therefore, the KMPs obtained from these methods can be used for further prediction for any heating rate at a given a. Yet, to cover the entire range of a (i.e., 0 1), multiple sets of the KMPs need to be determined for several discrete values of a. The Kissinger method 8 is also a ''multi-curve'' method, but unlike other methods, a single value of a KMP (i.e., E A ) covering the entire range of a can be obtained from several different , and thus be used for prediction for any a and . However, this method still yields multiple values of other parameters (e.g., A coefficient, and exponents in the reaction model function, f ðÞ) for different , so multiple sets of the KMPs need to be used to cover the entire range of a and . Furthermore, the model prediction by the Kissinger method is sensitive to measurement noise, and in general prediction accuracy is not satisfactory for the entire range of a. 4 Meanwhile, the modified Coats-Redfern method is a ''single-curve'' method, which determines a set of KMPs from a TGA data set obtained at a single . TGA data points selected for multiple a at the given yield a straight line, and the slope of that line is related to E A . Therefore, the KMPs obtained from this method can be used for further prediction for the entire a range at a specific . By taking a sufficient number of a points and adopting an iterative calculation scheme, 11 the modified Coats-Redfern method can result in relatively accurate prediction of the TGA curve at a given . Nevertheless, multiple TGA data sets obtained at different result in independent sets of KMPs whose variation might be considerable in some cases. 4 When the heating rates of temperature excursions are highly variable, it is difficult to implement the KMPs obtained by the modified CoatsRedfern method to cover wide ranges of for further numerical prediction.
In order to provide thermal properties as input parameters for thermal simulations, it is necessary to obtain KMPs covering the entire range of a over a wide range of . Further, it is desirable to determine a single set of KMPs from multiple TGA curves measured at several to be applicable for any arbitrary a and conditions. Additionally, in practice, composite materials may be subjected to temperatures and heating rates that exceed the limits of the measurable ranges of TGA measurements. Specifically, it is challenging to reliably measure these properties using currently available TGA test equipment at the extreme test conditions beyond certain temperatures (e.g., T 4 1500 C) and heating rates (e.g., 4 500 C/min for linearly controlled heating).
12,13 A recently developed TGA instrument enables more rapid heating (e.g., 4 500 C/min) by means of instantaneous (ballistic) heating.
12 Unfortunately, the instantaneous heating is not constant throughout the experiment, and the instantaneous heating rates would change as the experiment proceeds. Consequently, the heating profile might vary from experiment to experiment, and measurement results might not be reproducible. In these extreme cases (e.g., T 4 1500 C and 4 500 C/min), the KMPs are not readily available, and in some cases are not possible to measure, for further prediction. Therefore, it is necessary to obtain the unified KMPs covering wide ranges of T and for the entire a range. Additionally, a reliable extrapolation method needs to be developed in order to estimate material properties beyond conventionally measureable ranges of T and .
In the current study, we developed an enhanced kinetic model to predict the complex decomposition behaviors of PMCs. The end result of the work detailed in this manuscript is depicted in Figure 1 , which shows excellent prediction of the thermal decomposition behaviors for two of the four PMCs evaluated. Unified KMPs for each composite material were used to accurately predict mass loss observed over the entire range of TGA experimental temperatures and heating rates. Thus, the model can be utilized to predict temperature-dependent and heating rate-dependent material properties for wide ranges of T and from experimental data obtained over limited ranges of T and .
Experimental TGA measurement
In this study, the TGA measurements were conducted with four composite materials with various combinations of fiber and matrix materials. The four composite materials considered were IM7/977-3, IM7/ 8552, T300/5292 and T650/5250-4. Hence, both toughened epoxy resins (i.e., 977-3 and 8552) and bismaleimide (BMI) resins (i.e., 5292 and 5250-4) for high-temperature applications were considered. Additionally, three carbon fibers (i.e., IM7, T300 and T650) were investigated. The composite samples were prepared from either unidirectional prepreg (IM7/977-3) or plain-woven fabric prepregs (IM7/8552, T300/5292 and T650/5250-4), and cured with the cure cycles suggested by the prepreg manufacturers. The cured panels were cut into TGA test specimens. To remove any moisture that might affect the TGA measurement, the cut specimens were dehydrated in a vacuum heater, and stored under vacuum in a desiccator before the test.
A TGA Q500 from TA Instruments was used to measure the change in the mass of the composite specimens as temperature increased from room temperature to 1000 C. Individual tests were conducted at a wide variety of heating rates from 1 C/min to 100 C/min (specifically, ¼ 1, 2.5, 5, 10, 20, 50, and 100 C/min). Note that the maximum temperature and heating rate of the instrument were 1000 C and 100 C/min, respectively. All of the tests were conducted in nitrogen atmosphere. Since the oxidation of fibers was suppressed in the N 2 atmosphere, predominantly polymer matrix decomposition was observed over the measured temperature range. Figure 2 shows measured mass loss data as a function of temperature for all four composite materials.
Considering significant difference in the initial and final masses among the TGA test samples in Figure 2 , the degree of conversion (a), a measure of the polymer matrix decomposition, was calculated as a scaled quantity by
where M(T) is the mass at a given temperature, M i and M f are the initial mass at the beginning of the test and the final mass of samples after thermal treatment, respectively. The variation of a in equation (2) and its derivative with respect to the temperature (Àd=dT), as a function of temperature for all four composite are shown in Figures 3 and 4 , respectively. To highlight the effect of , the temperature range on the x-axis was limited to 200 T 700 C, within which all a vary significantly from % 0 to % 1. Any identifiable peak of individual curves in the derivative plots indicates a single decomposition event (i.e., of the polymer matrix). For each material, all (a vs. T) and (Àd=dT vs. T) plots show that similarly shaped curves shift to higher temperatures as the heating rate increases. Peak temperatures, at which Àd=dT is maximum, increase by approximately 100 C when the heating rate increases from 1 C/min to 100 C/min. Therefore, for all four composites, the mass loss behavior (i.e., thermal decomposition of the matrix phase) is significantly dependent on both temperature and heating rate.
For comparison purposes, a and Àd=dT for the four materials at the same heating rate (2.5 C/min and 100 C/min) are collected and plotted in Figure 5 . C/min, respectively. As expected, the degree of conversion is matrix dominated at both heating rates in the N 2 environment, but the decomposition temperature is primarily dependent on the matrix (i.e., epoxybased IM7/977-3 and IM7/8552 vs. BMI-based T300/ 5292 and T650/5250-4). At a given heating rate, the BMI-based composite materials degrade at higher temperatures than the epoxy-based materials, resulting in a shift of the curves (and thus the peak temperature) to higher temperatures. Additionally, the magnitude of shift is dependent on the heating rate (e.g., approximately 50 C at ¼ 2.5 C/min, and approximately 80 C at ¼ 100 C/min).
Determination of kinetic model parameters
The rate of decomposition (i.e., mass loss) for a single-stage chemical reaction in equation (1) can be rewritten as
where ¼ dT=dt. A convenient and general approximation of f ðÞ is the Sˇesta´k-Berggren (S-B) function:
where exponents (n, m, p) are determined from experimental TGA data. The S-B function is a general approximation of the reaction model function, f ðÞ, that can handle the majority of possible reaction mechanisms. The details and applicability of this function are elaborated in Sˇesta´k and Berggren. 14 Intrinsically, it is a more general form because of three exponents (n, m, p) involved, rather than other simpler forms such as f ðÞ ¼ ð1 À Þ n . Therefore, S-B function will result in a better curve fit than functions utilizing a single exponent.
By taking the natural log and a simple arithmetic manipulation, equation (3) 
Therefore, if a linear relation can be established between ln½=f ðÞ Á d=dT and 1=T, E A and A can be obtained from the slope and intercept of the linear fit curve, respectively. 3 The power exponents (n, m, p) in equation (4) can also be determined during this linearization. 
Results
The prescribed method above was utilized to obtain KMPs for four different carbon-fiber-reinforced PMC materials at several constant over the entire measured temperature range. The KMPs (E A , A, and the exponents, n, m, p) were obtained from TGA data using a numerical optimization scheme implemented with a Microsoft Excel Solver module for optimization. Starting with arbitrarily chosen initial guess values, three exponents were varied by the optimizer to find the best linear fit of the relation of ln½=f ðÞ Á d=dT versus 1=T in equation (5) . Figure 6 shows the plots of ln½=f ðÞ Á d=dT versus 1=T from the TGA results from the T650/5250-4 composite material measured in N 2 , and the resulting linear fit lines. Table 1 lists the KMPs obtained from this linear fit. Figure 6 (a) shows the case when the single data set measured at ¼ 2.5 C/min was used for fitting, and the resulting activation energy obtained from the slope of the linear fit curve is E A ¼ 378.5 kJ/mol, as listed in Table 1 . Fitting with two data sets measured at ¼ 2.5 and 5 C/min results in a new linear fit in Figure 6 (b), and the resulting activation energy reduces to E A ¼ 204.9 kJ/mol. Using three data sets measured at ¼ 2.5, 5 and 10 C/min results in a new linear fit in Figure 6 (c), and the activation energy reduces slightly lower to E A ¼ 191.7 kJ/mol. Including four or more data sets measured at higher heating rates of ¼ 20, 50 and 100 C/min results in new linear fits in Figure  6 (d) to (f), and the slopes and intercepts of these fit lines are similar to the values obtained with the fits of only two or three data sets in Figure 6 (b) and (c), respectively. The resulting activation energy varies around E A % 200 kJ/mol, as listed in the last three rows in Table 1 . This diminishing trend of the variation in E A by including additional data sets obtained at different is also observed for the other KMPs (A, m, n, p), as listed in Table 1 . Figure 7 shows the variation of these KMPs, and the decreasing trend of variation with increase in the number of data sets included for determining the linear fit. In these plots, on x-axis indicates the highest heating rate used for the linear fitting. To reiterate, the resulting KMPs were fit with all data sets obtained at or below on the x-axis. E A and A are plotted in Figure 7 (a) and (b), respectively, while three exponents, (m, n, p), are plotted in Figure 7 Also plotted are cubic spline functions used to fit the KMPs as a function of (i.e., highest ). The spline functions can be used to extrapolate the trend to higher heating rates beyond a reliably measurable heating rate range (i.e., 4 100 C/min). The plots clearly show that by adding additional data sets, the KMPs tend to converge to certain values. These values of the KMPs can be used for fitting the TGA data obtained at the measurable heating rates, and may enable extrapolation of the trend to estimate KMPs for decomposition behaviors beyond measurable heating rate range. It was observed from Table 1 and Figure 7 that including the data sets for three or more heating rates resulted in relatively insignificant variations of the KMPs for the T650/5250-4 material.
The plots of ln½=f ðÞ Á d=dT versus 1=T derived from the TGA results for each of the four composite materials, and the resulting linear fit lines utilizing all experimental heating rates are shown in Figure 8 . The linearization using equation (5) along with the Sˇesta´k-Berggren function in equation (4) yields good fit lines for all materials considered. It was found that many combinations of the KMPs could be obtained by using different sets of initial guess values of the three exponents, n, m, p, in the numerical optimization considered in the linear fits is shown in Figure 9 . Again, ¼ 10 on the x-axis means fits utilized 1, 2.5, 5 and 10 C/min heating rates. It was observed that the p % Àm for all heating rates and materials considered, so the plot of p is omitted. In fact, the aforementioned approximate relations, p % Àm % 2n, were observed for all four materials. The obtained KMPs were fit with cubic-spline functions, and the resulting curve fits were extrapolated to higher heating rates (i.e., 4 100 C/min). The trend of diminishing variation in all KMPs (i.e., with increase in the number of data sets included for determining the linear fit) was observed for all materials considered in this study. Including the data sets for two or more heating rates resulted in relatively insignificant variations in the KMPs for all materials except T650/5250-4, which requires at least three data sets for the convergence of the exponents. As shown in Figure 9 (c) Figure 7 . Variation of (a) activation energy, E A , (b) pre-exponential factor, log A, and (c) three exponents (-m, n, p) with increase in the number of heating rates used for TGA data of T650/5250-4. on x-axis indicates the highest heating rate in the cumulative linear fitting of all heating rates at or below that . Cubic-spline functions (lines) were used for fitting the kinetic model parameters at six heating rates, and for extrapolation to higher heating rates (i.e. 4 100 C/min). T650/5250-4) also converge to similar values that are distinct from the epoxy-based materials. However, the three exponents converge to distinct values for each of the four composite materials, as shown in Figure 9 (c) and (d). Table 2 lists the converged KMPs evaluated at 10,000 C/min from the extrapolated spline-fit curves. These values can be considered as unified KMPs covering wide ranges of both the conventionally measurable heating rates (i.e., 100 C/min) and high heating rates (i.e., 4 100 C/min). The unified KMPs listed in Table 2 were used to predict the degree of conversion as a function of temperature derived from the TGA experiments. The comparison of the experimentally measured (lines) and predicted (markers) degree of conversion for each of the four materials examined is shown in Figure 10 . For IM7/977-3, two additional curves at higher heating rates (1,000 and 10,000 C/min) were also predicted with the unified KMPs and overlaid in Figure 10(a) . The predictions, using unified KMPs (i.e., parameters evaluated at 10,000 C/min) for each material, show excellent agreement with the experimental data for all examined composite materials over the entirety of the experimental ranges of temperature and heating rates. For comparison purposes, predictions were also made with the Kissinger method, and the results are discussed in Appendix 1.
Discussion
As stated in the previous section, the best linear fits of ln½=f ðÞ Á d=dT versus 1=T relation in Figure 8 were obtained by the numerical optimization scheme implemented with a Microsoft Excel Solver module. Using different sets of initial guess values of the three exponents, (n, m, p) yielded many different combinations of the KMP sets. A sensitivity study was conducted to understand the effect of using the various sets of initial guess values for the exponents on the linear fit lines (slope and intercept) and the prediction results. Table 3 lists several examples of calculated KMPs of IM7/977-3 material using different sets of initial guess values of (n, m, p). The calculations were conducted by including all TGA data from the seven heating rates (i.e., ¼ 1, 2.5, 5, 10, 20, 50 and 100 C/min). Note that exponent sets (33.8, À70.4, 70.1) in the third row in the table were used in the linear fit of the data in Figure 8 (a).
Different initial guess values resulted in different combinations of the exponents (n, m, p) as well as other KMPs. However, coefficients of determination in the last column (R 2 % 0:994) indicate similar (excellent) goodness of the linear fit of all considered cases. Figure 11(a) shows the relations among the various KMP sets. Three parameters, E A , -m, p, were plotted on the left ordinate axis and the parameter, log A, on the right ordinate axis with respect to the exponent (n) on the abscissa axis. Note that E A is nearly constant for all the considered cases, indicating that the slopes of the linear fits are nearly identical. However, log A is approximately linearly varying against n, indicating that the intercepts of the linear fits vary with the exponents. The other two exponents, m and p, are approximately similar in magnitude but with different signs, and are also approximately linearly varying against n. Approximate linear relations among the KMPs against n for the IM7/977-3 material were obtained with R 2 % 1 Figure 9 . Variation of (a) activation energy, E A , (b) pre-exponential factor, log A, (c) exponent, n, and (d) exponent, -m, with increase in the number of heating rates used for TGA data of four materials. Note that on x-axis indicates the highest heating rate in the cumulative linear fitting of all heating rates at or below that . Lines indicate cubic-spline fit of the obtained parameters at the various heating rates, and were extrapolated up to ¼ 10,000 C/min. accuracy with the following equations:
log A % À0:05n þ 19:1, ð7Þ
p % 2:37n À 10:1:
Therefore, any KMP sets satisfying equations (6) to (9) could result in the linear fit of the data with the similar goodness of the fit. The different combinations of the KMP sets listed in Table 3 were used for the prediction of the TGA mass loss behaviors. Figure 11(b) shows the comparison of various prediction results for IM7/977-3 material at the heating rate of 20 C/min. Numbers in parenthesis indicate the exponent sets (n, m, p). Circular markers indicate the TGA data. A thick solid line for (33.8, À70.4, 70.1) was considered as good prediction and thus was used in Figure 10 (a). An exponent set (21.1, À39.6, 39.9) results in another good prediction curve for this heating rate of 20 C/min. The prediction using a set (88.8, À203.8, 200.8) yields slightly inaccurate curve, but might be acceptable. However, predictions using parameter sets other than these aforementioned sets result in significantly inaccurate curves. Therefore, although many different sets of the KMPs yield the good linear fit for the plot of ln½=f ðÞ Á d=dT versus 1=T relation, not all the parameter sets resulted in good prediction of the TGA mass loss behaviors. With all heating rate cases considered, the best prediction needs to be determined by comparing the TGA data and the prediction curve using various parameter sets. Once satisfactory parameter sets are determined, one can extrapolate predictions to higher heating rates.
Summary and conclusions
The proposed methodology identifies a single (i.e., unified) set of KMPs, which were used to reliably predict the respective decomposition processes for four different composite specimens in a nitrogen environment over broad ranges of temperature and heating rates. The unified KMPs were obtained by observing the diminishing variation in these parameters with increasing the number of data sets obtained at distinct heating rates. The numerical simulation procedure for predicting the thermal decomposition behaviors of the PMCs could be simplified with thermal input properties derived from a single set of KMPs that covers wide ranges of temperature and heating rates. Furthermore, given the convergence of all the KMPs, this methodology could be used to extrapolate reliably measurable data to experimentally challenging high temperatures and heating rates. The applicability across four composite materials indicates this methodology is broadly applicable, even beyond PMCs. The methodology requires a minimum of three TGA experiments (each run at a distinct heating rate) in order to achieve relatively insignificant variations, resulting in the identification of unified KMPs.
When composite materials are heated in air rather than a nitrogen environment, they exhibit multiple stages of degradation due to both decomposition and oxidation in the matrix and fiber constituents. Therefore, the KMPs presented here would need to incorporate multiple stages of decomposition. The present method used for single-phase decomposition can be extended to multiple decomposition events by single value of E A , and multiple values of A and n for several . Average values of A and n for all considered were taken as unified KMPs covering the entire range of a and . The similar extrapolation scheme illustrated in Figure 9 was used to obtain the unified Kissinger model parameters.
Figure 12(b) shows comparison of the present and the Kissinger methods predicting the mass loss behavior of T650/5250-4 material at a heating rate of 20 C/min. A solid line indicates the TGA data, while circular and triangular markers indicate the predicted curves with the present and Kissinger methods, respectively. Both methods were predicted with the unified KMPs extrapolated and evaluated at 10,000 C/min.
Both methods made a good prediction for 5 0.7. However, the Kissinger method tends to yield more rapid mass loss behavior for 4 0.7. Figure 13 shows the prediction results using the Kissinger method. The lack of fit for 4 0.7 can be observed for all materials and heating rates. The inaccuracy in this range might be caused by using the simpler form of f ðÞ with the single exponent, n, for the Kissinger method, while the present method used three exponents from the Sˇesta´k-Berggren function. By comparing Figure 10 and Figure 13 , it can be concluded that the present method can yield more satisfactory prediction than the Kissinger method for the entire a range at all heating rates considered.
